The effects of satellite ground track changes of GRACE on monthly gravity field recoveries are investigated. In the case of a gravity field recovery using a relatively short period of a month or so, the variation of ground tracks affects the precision of the gravity field solutions. It is a serious problem when the solutions are employed for detecting temporal gravity changes which are almost at their detection limits. In this study, the recoveries of four-weekly gravity fields are simulated and the relation between the recovery precision and the ground track is investigated. The result shows that the GRACE ground track of the year 2003 was in good condition for fourweek gravity field recovery, but it will sometimes appear as worse cases as the orbit altitude decays. In those cases, the global standard deviations of geoid height errors will be about one order worse than the best case. From our simulation, ground tracks of around altitudes of 473, 448, 399, 350 and 337 km give insufficient spatial resolutions, even for gravity field recovery up to degree 30.
Introduction
The dedicated gravity mission GRACE (Gravity Recovery and Climate Experiment, Tapley et al., 2004) provides monthly gravity-field solutions throughout the mission's lifetime for the purpose of detecting temporally varying geophysical phenomena. To detect these signals precisely, we should characterize the errors which degrade the quality of the gravity-field solutions. The aliasing effects causing short-term mass variations in the atmosphere or the ocean, are one of the most serious errors in the gravity-field recovery from satellite data. Han et al. (2004) estimated the aliasing effects on the monthly mean GRACE gravity solutions due to the mismodeling of ocean tides and atmosphere and due to ground-surface water mass variation. The result shows that these errors corrupt recovered coefficients and introduce large errors in global monthly geoid solutions. In fact, the errors still remain in the monthly solutions though de-aliasing atmospheric and oceanic models are used in the real GRACE data processing.
Apart from these effects, the ground track variations caused by the orbit decay also affect the precision of the recovery of the gravity field. During the mission's lifetime, the GRACE satellite is not maintained to keep the same orbit due to thruster fuel limitations (Case et al., 2004) . The orbit decays from an initial altitude of about 500 km to an end-of-mission altitude of 300 km. This causes temporal variation of the ground track of the satellite. For the gravity field solutions, globally uniform ground tracks is preferred, but large gaps in the ground tracks appear at a specific orCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. bit altitude. Large gaps are compensated by using relatively long period data. Therefore, in the case of CHAMP (CHAllenging Minisatellite Payload, Reigber et al., 2002) it does not effect the mission which recovers the static gravity field using some months or years of data. However, in the case of a gravity field recovery such as the GRACE mission, a relatively short period data of a month or so are used and the variation of ground tracks affects the precision of the gravity-field solutions. It presents a serious problem when the solutions are used for the detection of temporal gravity changes which are around the detection limits.
Although the main purpose of the CHAMP mission is the detection of a static gravity field, Sneeuw et al. (2003) attempted to detect time-varying signals from monthly CHAMP solutions. They proved that the error level was too large to detect time-varying signals and stated that the ground track variation of the CHAMP satellite is one of the main contributors.
In this paper, with the GRACE data in mind, the monthly gravity field recovery data from a temporally decaying orbit satellite is simulated and the impact of the satellite's ground track to the precision of the recovery of the gravity field is quantified.
Simulation Procedure
The outline of our simulation procedure is as follows. Firstly, the simulated orbit of the GRACE satellite was generated. Secondly, the geopotential value along the orbit was calculated from the known spherical harmonic coefficients. A stochastic error model was introduced and the 'observational' value was synthesized by adding the error to the geopotential value. Thirdly, spherical harmonic coefficients were recovered from four-week observational data using the least-squares method (LSM). Finally, recovered coefficients were compared to the original ones and the precision of the recovery of the gravity field was estimated. Details of each procedure are stated in the following subsections.
Preparation of the simulated GRACE orbit
In view of the requirements of the GRACE mission, a satellite orbit above an altitude of 300 km was prepared for our simulation. Satellite orbits for the first year were prepared from all two-line element (TLE) sets of GRACE-1 of the year 2003. The time interval of each TLE set was 1 day or less. The orbits after that were numerically integrated from the last GRACE-1 TLE set of the year 2003. The orbit was generated by an SGP4 model (Hoots and Roehrich, 1980) . Satellite positions per 10 sec were calculated. Figure 1 shows the time variation of the mean altitude (mean semimajor axis minus the mean equatorial radius of the Earth) of the simulated orbit. Orbit data was divided into 4 weeks and the gravity field recovery was simulated using the data sets of each time period. 2.2 Simulation of gravity-field observations from satellite positions To improve the signal attenuation to a high degree, rangerate measurement using two satellites was adopted in the real GRACE mission. However, as our interest is the error from ground track variation and not the one from the higherdegree signal attenuation, a two-satellite approach is not necessary. Therefore, in order to simplify our simulation, we assumed that the geopotential was observed from one satellite.
The Earth's real gravity field is temporally changing because of the time-variation of the mass distribution of the atmosphere, ocean, land water, and so on. However, in our simulation, a static gravity field was assumed to eliminate the aliasing effects of such temporally varying signals and to see only the error from ground-track variations. In this study, the GGM01C model (Center for Space Research, 2003) was assumed as the Earth's 'true' geopotential model. 'Observational' data of the gravity field was generated by calculating the geopotential value from each satellite position and the 'true' gravity field coefficients by
where V obs is the 'observed' geopotential, G is the gravitational constant, and M is the mass of the Earth. φ, λ and r are the geocentric latitude, longitude and radius of the observational point, respectively. R is the Earth's mean equator radius. L is the cut-off degree,P lm is a fully normalized associated Legendre function, andC lm(true) andS lm(true) are fully normalized 'true' spherical harmonic coefficients. ε V is the observational error. The cut-off degree L was set to 30 for this study.
Introduction of observational error
A geopotential error equivalent to the inter-satellite range-rate measurement error of Low-Low Satellite-toSatellite Tracking (LL-SST) was calculated and substituted for the observational error ε V in Eq. (1). We assumed the same inter-satellite range-rate measurement error as that for GRACE (<1 µm/s) (Goddard Space Flight Center, 2002) . We assumed an energy balance approach to derive the geopotential value from the observational data of the GRACE satellite (range rate). The velocity error was converted to the corresponding geopotential error by utilizing the law of energy conservation (Rapp and Jekeli, 1981) :
where ε velocity is the range-rate measurement error and ε V is the corresponding geopotential error. The geopotential error was estimated for each altitude. A Gauss-distributed random error was assumed and added to the observed geopotential as shown in Eq.
(1). A 1 µm/s range-rate measurement error corresponds to a 0.0076 m 2 /s 2 error of the geopotential and a 0.78 mm error of the geoid height when the orbit altitude (r minus the mean equatorial radius of the Earth) is assumed to be 450 km. 2.4 Recovery of gravity field and estimation of recovery precision Using the linear LSM, the gravity field at each time period was recovered from the corresponding four-week set of every 10-sec observational equations. The estimated parameters were fully normalized spherical harmonic coefficients,C lm(calc) andS lm(calc) up to degree/order 30. A spacewise approach was adopted in our simulation.
Because of the near-polar orbit of the satellite, the distribution of the observation points becomes heterogeneous in the latitudinal direction, that is, the distribution of the observation points is dense near the poles and sparse around the equator. Therefore, the recovery error of the gravity field becomes small near the poles and large around the equator. In our simulation, the difference in the recovery precision caused by ground-track variation is estimated using a global standard deviation (see Section 3). To see only the effect of ground-track variation clearly, we exclude the above effect by using the proper weight in the LSM. The weight was set so that it would cancel the heterogeneous distribution of the observational points in the latitudinal direction. The weight at the observational point j is
where n j is the number of points per unit area at j. The recovery precision of each four-week period was evaluated by comparing the calculated spherical harmonic coefficients with the 'true' (original) ones.
Comparison of Satellite Ground Track with Gravity Field Recovery
Geoid height errors were calculated from the difference between the recovered and true spherical harmonic coefficients and the global standard deviations were calculated at each time period. Figure 2 shows the results. The recovery errors shown in Fig. 2 are larger than those of the real GRACE mission (CSR, 2004) . It comes from the difference between the recovery methods. That is, (absolute) spherical harmonic coefficients were recovered in our simulation, while monthly gravity-field solutions are estimated from observational data by updating an a-priori best-known geopotential model in the real GRACE processing (Bettadpur, 2003) . Therefore, the error value in our simulation became larger from the effect of a computational round-off error. However, since our purpose here is to find the difference in the recovery precision for each time period, this difference does not become a problem. In Fig. 2 , global standard deviations were around 65 mm in most periods, but above 100 mm standard deviations can be seen in some periods.
In order to discuss the relation between the satellite ground track and recovery precision of the gravity field, spatial distribution of observational point at each period was transformed to spherical harmonic coefficients. Although the recovery of the gravity field was up to 30 degrees, the cut-off degree of this spherical harmonic transformation was set to 180 degrees so that the spectrum express a sufficiently small periodic pattern of ground track. From the derived spherical harmonic coefficients, the amplitude of degree l and order m,
was calculated for each l and m. As an example, the original observational point distribution ( Fig. 3(a) ) and the derived amplitude of each l and m (Fig. 3(b) ) of the period 108 are shown. Large amplitude coefficients are concentrated at several specific orders of m. To see the feature of the order of direction more clearly, an order amplitude was introduced as follows and calculated at each period:
where σ m is the order amplitude for each order m and L is the cut-off degree, that is, 180 in our simulation. Figure 3(c) shows the order amplitude spectrum of the period 108. Generally, the large peak of order m in Fig. 3(c) represents the fact that sampling points concentrate at the specific cycle which divide equator with 2m nodes. However, if m is not a prime number, then the cycle does not necessarily divide the Equator with 2m nodes. The 2m nodal cycles per n times (n is an integer number) revolution of the Earth also appear at the spectrum in the order of m. For example, comparing Fig. 3(a) with (b) and (c), we see that the peak of order 62 in Fig. 3(b) and (c) has 2 × 62 nodal cycles per two revolutions, which corresponds to 2 × 31 nodal cycles per one revolution. Further, the residual large peaks at orders 93, 124 and 155 are also the multiple of the order 31, the 2 × 31 nodal cycles. Therefore the cycles of orders 31, 62, 93, 124 and 155 are superposed. These explanations are shown by the following formula:
where m and n are as mentioned above, N is the number of nodes dividing the equator and k is the order of the actual ground-track separation cycle. In most cases, the value of (6)) derived from fully normalized spherical harmonic transformation of (a). Fig. 4 . Amplitude (square root of power spectrum) of each order peak contained in order amplitude spectra of spatial distributions of observational points at each period. The simulated orbit was divided into periods of 4 weeks (more details are shown in Subsection 2.1), and the period numbers of 4 weeks are shown at the x-axis of the graph. The orders of cycles which give the same ground-track separations are combined to one order by adding the power spectra. Numbers above the graph represent the corresponding order (k) of the order amplitude spectra. Only orders whose maximum amplitudes are above 1.0 (except order 0 and 180) are shown.
k is equal to β in the exact orbit resonance condition β/α (where α and β are co-prime integers and which represents β revolutions, while the Earth rotates α times) (Klokočník et al., 2003) . Therefore, n should be decided based on the information of the exact orbit resonance near the time period. In our approach, the amplitudes of the resonance components are estimated. Therefore, we can know how long the effect of this resonance continues though we cannot know the exact resonance point. On the basis of (6), we estimated the actual ground-track separation N and corresponding order of k for all original orders m of the containing cycles of each period. Power spectra of the same order k were added to each other. Each order (k) peak is maintained throughout some time periods. The orders (k) whose largest amplitudes (square root of power spectrum) are above 1.0 (except order (k) 0 and 180) are listed in Fig. 4 .
The ground tracks of periods 1 to 13 corresponds to the real ground tracks of the GRACE-1 satellite. There are large peaks of order 137 in periods 2 to 8. However, the ground track separation of 137 is small enough to determine the gravity field up to degree/order 30. Therefore, the GRACE ground track of the year 2003 is a good condition for recovering the Earth's gravity field, as shown in Fig. 2 .
To confirm that our results are agreeable, the errors of 10 sets of GRACE monthly gravity field solutions up to degree/order 120 of the year 2003, released by the Center for Space Research (2004) , were investigated. In the real processing of the GRACE observational data, the gravity-field solutions are estimated in a different way from our simulation (Bettadpur, 2003) , but the quality of the derived gravity field is also affected by the distribution of the observational points. The ground-track separation of the cycle of order 137 is also sufficient to recover the gravity field up to degree/order 120. The error amplitudes per degree were computed from the coefficients' formal (uncalibrated) standard deviations (data not shown). The result shows that the errors are about 40 mm at maximum and 20 mm at minimum, at degree 120, which are almost at the same level and an extremely large difference cannot be found. It shows that our simulation is agreeable.
However, after the end of 2003, large specific cycle peaks which gave large ground track separations appeared as the orbit decayed (Fig. 4) . Some ground-track separations are too large to precisely determine the gravity field up to degree/order 30, as shown in Fig. 2 . Such peaks correspond to the short-period repeating orbital cycles. For example, the large peak of the period 108 corresponds to the repeating cycles of 31 cycles per 2 sidereal days. Although such a specific cycle observation is useful to check or calibrate the corresponding specific degree/order of the derived spherical harmonic solutions (Klokočník et al., 2003) , it is disadvantageous for global gravity field recovery.
Discussion
The decay rate of the altitude in the real GRACE mission may not be the same in our simulation. Therefore, the length of period which gives large ground-track separation may also be different in our simulation, but such a period will appear because the order of cycles contained in each period are determined mainly by the orbital altitude. From our simulation, ground tracks of around period 19, 56, 107, 142 and 156, which correspond to the altitude (mean semimajor axis minus the mean equatorial radius of the Earth) 473, 448, 399, 350, and 337 km, respectively, give insufficient spatial resolutions for the gravity-field recovery up to degree/order 30. When these solutions are used for detecting temporally changing geophysical phenomena, especially the phenomena near the detection limit, the precise estimation of the signal cannot be expected because the information used for updating at such periods does not have a sufficiently high quality. For example, although the GRACE satellite has a sensitivity to detect seasonal changes of land water of 500 km half wavelength (National Research Council, 1997) , the resolution is not sufficient if the large ground-track separation period lasts for a few months.
From the real GRACE orbital data, released with a monthly gravity field solution, we can estimate more accurately for how long such an insufficient resolution period continues. It is very important to know the quality of GRACE monthly gravity field solution.
